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Dap160/Intersectin Acts as a Stabilizing Scaffold
Required for Synaptic Development
and Vesicle Endocytosis
from shibire mutant flies display impaired growth of ax-
ons and neurites at high temperature (Kim and Wu,
1987). In addition, an isoform of dynamin has been impli-
cated in dendritic spine remodeling (Gray et al., 2003).
However, some endocytic proteins may not be involved
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in synaptic development, such as Endo or Synj (Fabian-Howard Hughes Medical Institute
Fine et al., 2003; Verstreken et al., 2002, 2003). A strongBaylor College of Medicine
link between endocytosis and cytoskeletal organizationOne Baylor Plaza
exists, as illustrated by the observations that the major-Houston, Texas 77030
ity of 50 yeast endocytic mutants have been implicated
in actin cytoskeleton regulation (Engqvist-Goldstein and
Drubin, 2003). The link between endocytic proteins andSummary
cytoskeletal components is consistent with the possibil-
ity that remodeling of neuronal projections involves bothWe describe the isolation of mutations in dynamin-
membrane trafficking and cytoskeletal modifications.associated protein 160 kDa (dap160), the Drosophila
Remodeling of the Drosophila NMJ involves both mi-homolog of intersectin, a putative adaptor for proteins
crotubule and actin structures. Studies on Drosophilainvolved in endocytosis, cytoskeletal regulation, and sig-
futsch and DVAP-33A, two genes that encode microtu-naling. We show that partial loss-of-function mutants
bule-associated proteins, illustrate the importance ofdisplay temperature-sensitive (ts) paralysis, whereas
microtubule structures in regulating the morphology ofnull mutants show ts defects in endocytosis. Loss-of-
mature NMJ synapses (Pennetta et al., 2002; Roos etfunction mutants exhibit bouton overgrowth at larval
al., 2000). Similarly, actin cytoskeleton regulators suchneuromuscular junctions (NMJs), but evoked neuro-
as Drosophila Still life (Sif), a guanine nucleotide ex-transmission is normal. Mutant NMJs show a mild en-
change factor (GEF), Nervous wreck (Nwk), a presynap-docytic defect at 22C, which is strongly enhanced at
tic adaptor protein, and Wiskott-Aldrich syndrome pro-34C. The levels of dynamin, synaptojanin and endoph-
tein (WASP), an actin interacting protein, were shownilin are severely reduced in dap160 mutant NMJs, sug-
to control synaptic maturation and bouton formationgesting that Dap160 serves to stabilize an endocytic
(Coyle et al., 2004; Sone et al., 1997). However, themacromolecular complex. Electron microscopy re-
mechanism by which regulators of microtubule and actinveals fewer vesicles, aberrant large vesicles, and an
function are coordinated at the synapse is not com-accumulation of endocytic intermediates at active and
pletely understood.periactive zones in mutant terminals. Our data suggest
Two concepts have emerged from studies on endo-that Dap160, like dynamin, is involved in synaptic vesi-
cytosis in nonneuronal cells (Engqvist-Goldstein andcle retrieval at active and periactive zones.
Drubin, 2003; Kaksonen et al., 2003). First, endocytosis
involves a complex protein machinery. Second, thisIntroduction
machinery is dynamic, and individual molecules un-
dergo sequential partner switching. The transient natureSynaptic vesicle (SV) retrieval after fusion is thought to
of interactions in endocytosis is further underscored byoccur via more than one endocytic route (Gandhi and
the fact that the ligand binding affinitites of SH3 and EHStevens, 2003; Heidelberger et al., 2002; Sun et al.,
interaction domains, which are often found in endocytic
2002). These different pathways likely have different mo-
proteins, are relatively modest (de Beer et al., 1998;
lecular requirements. For example, dynamin, encoded
Mayer, 2001). Weak interactions could allow protein
by the shibire gene in Drosophila, is required for all forms complexes to undergo dynamic changes in their constit-
of retrieval, as a temperature-sensitive shibire mutant uents while moving through sequential steps (Mayer,
undergoes a complete block of endocytosis at the re- 2001; Pawson, 2004). For example, an SH3 domain con-
strictive temperature (Koenig and Ikeda, 1989). In con- taining protein can rapidly switch from one partner to
trast, endophilin (endo) or synaptojanin (synj) mutants another. In such a scenario, specificity is presumably
show a severe block in clathrin-mediated endocytosis enforced by a convergence of multiple weak interac-
but neurotransmitter release persists, suggesting that tions. As molecular players in SV retrieval are not as
other forms of retrieval operate in these mutants well characterized compared to other endocytic pro-
(Schuske et al., 2003; Verstreken et al., 2002, 2003). The cesses, we do not know if similar dynamic complexes
molecular identity of distinct SV retrieval pathways will form during SV retrieval.
likely be revealed by the functional characterization of Dynamin-associated protein 160 kD (Dap160) was iso-
new endocytic proteins. lated by cofractionation with dynamin from Drosophila
Besides the retrieval of SVs, endocytic molecules may head extracts (Roos and Kelly, 1998). Dap160 contains
also be involved in the remodeling of neuronal projec- two N-terminal EH domains, a central coiled-coil domain
tions and mature synapses. Neuronal cultures derived and four C-terminal SH3 domains. Another group cloned
the vertebrate homolog of Dap160 and named it inter-
sectin, because it potentially links EH and SH3 domain*Correspondence: hbellen@bcm.tmc.edu
4These authors contributed equally to this work. binding proteins to form a macromolecular complex (Ya-
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mabhai et al., 1998). Dap160 and intersectin have been tions, dap1602/dap1601 and dap1601/Df(2L)bur-K1,
fail to eclose from the pupal case, and mutant larvae areshown to interact with numerous endocytic proteins,
including dynamin, epsin, Stoned B/Stonin 2, Eps15, sluggish. The less-severe transheterozygotes dap1603/
dap1601, dap1606/dap1601, and dap160EMS/dap1601and Synj (Martina et al., 2001; Roos and Kelly, 1998;
Sengar et al., 1999; Verstreken et al., 2003; Yamabhai eclose as uncoordinated adults (Figure 1C, right panel).
As the transheterozygous combination of dap1601/et al., 1998). Dap 160 was also shown to interact with
a number of other proteins, such as WASP and mSOS dap1602 exhibits the same lethal phase as dap1601/
Df(2L)bur-K1, we propose that dap1601 and dap1602(Engqvist-Goldstein and Drubin, 2003; Hussain et al.,
2001; Tong et al., 2000). Overexpression studies have are putative null alleles or severe hypomorphs of
dap160. This is supported by our inability to detectimplicated intersectin in endocytosis, signal transduc-
tion, and cytoskeleton organization (Hussain et al., 2001; Dap160 protein in dap1601 and dap1602 third instar
larvae. Dap160 expression is also much reduced in otherSengar et al., 1999; Simpson et al., 1999; Tong et al.,
2000). Recent characterization of the long isoform of dap160 alleles (Supplemental Figure S2 [http://www.
neuron.org/cgi/content/full/43/2/193/DC1]). Consis-intersectin shows that its SH3 domain inhibits the
C-terminal guanine nucleotide exchange activity intra- tent with the protein expression data, molecular lesions
in dap1601 and dap1602 are characterized by partialmolecularly (Zamanian and Kelly, 2003). This finding
makes previous overexpression studies difficult to inter- fragments of P elements left in the original insertion
site, whereas dap1601 contains additional lesions inpret, as a free-floating SH3 fragment can potentially
inhibit or de-repress the activity of endogenous inter- the coding region (data not shown). We propose the
following allelic series based on the protein expressionsectin. On the other hand, immunolocalization and bio-
chemical fractionation studies are consistent with a role data, the complementation data, and the lethal phase of
the various mutants: dap1601 dap1602 dap1603of Dap160 in endocytosis. Dap160 is enriched in plasma
membrane fractions, and like dynamin, it is localized to dap1604  dap1605  dap160EMS  dap1606.
To confirm that mutations in dap160 are responsibleareas adjacent to the active zone (Roos and Kelly, 1998),
and immunogold electron microscopy shows enrich- for the phenotypes of the transheterozygotes, we used
a UAS-genomic fragment containing the dap160 genement of intersectin at the necks of endocytic intermedi-
ates in endothelial cells (Predescu et al., 2003). Hence, in conjunction with the ubiquitous Tubulin-GAL4 driver
or the neuronal-specific C155-GAL4 driver in dap1602/previous data suggest a role for Dap160/intersectin in
endocytosis and cytoskeletal organization. dap1601 and dap1603/dap1601 mutants. We observe
rescue of lethality, “on” and “off” ERG transients, andHere, we report the isolation and characterization of
Drosophila dap160 mutants. Our data show that Dap160 behavior, showing that Dap160 is specifically required
in neuronal cells.is required for proper bouton morphology and localiza-
tion of Nwk. In addition, Dap160 is required for the lo-
calization of several proteins required for endocytosis. dap160 Mutants Are Uncoordinated
Surprisingly, in the absence of the Dap160 protein, en- and Temperature Sensitive
docytosis is only mildly impaired at room temperature, While studying adult escapers (dap160EMS/dap1601 or
but this is severely exacerbated at high temperature. dap1606/dap1601), we noticed that the flies were unco-
In addition, transmission electron microscopy reveals ordinated and could only walk or fly briefly. However,
defects that implicate Dap160 in two distinct pathways the flies were able to stand on the walls of plastic vials
of SV retrieval. (Figures 2A and 2B; 25C). The dap160 adult escapers
showed defects in electroretinograms but no gross mor-
phological defects in the neuropil structures of theirResults
brains, indicating a defect in transmission of visual infor-
mation but not gross synaptic development (Supple-Isolation of dap160 Mutants
mental Figure S3 [http://www.neuron.org/cgi/content/To identify mutants with impaired neurotransmission,
full/43/2/193/DC1]). To determine if these flies exhibitedwe have performed an EMS mutagenesis screen (Sup-
temperature sensitive (ts) paralysis, we placed them atplemental Figure S1 [http://www.neuron.org/cgi/content/
38C. The flies exhibited a severe ts phenotype whenfull/43/2/193/DC1]; Verstreken et al., 2003). Comple-
compared to other ts mutants such as shibire and ner-mentation tests between 30-363, a lethal allele from our
vous wreck (Coyle et al., 2004; Poodry et al., 1973).screen, and deficiencies on chromosome 2L mapped
Control flies did not paralyze at any of the tested temper-the lethality of chromosome 30-363 to cytological inter-
atures, whereas shi ts1 animals always paralyzed atval 39A1-3, which contains ten genes (Flybase, 2003)
temperatures above 28C. dap160 animals behaved nor-(Figure 1A). dap160 was the obvious candidate gene,
mally at temperatures below 33C and partially para-and sequencing revealed a premature stop codon in the
lyzed between 34C and 35C. After a 3 min incubation atsecond SH3 domain (Figure 1B). Thus we renamed 30-
temperatures above 36C, dap160 hypomorphs become363 as dap160EMS.
paralyzed (Figures 2C and 2D). Hence, in adult flies, aTo obtain additional alleles of dap160, we created
reduction in Dap160 protein levels confers a tempera-imprecise excisions of two independent P elements in
ture-sensitive paralytic phenotype.the 5UTR of the gene (Figure 1A). We generated six
alleles that failed to complement deficiency Df(2L)bur-
K1. Excision alleles dap1601– dap1606 failed to com- dap160 Mutants Display Defects
in Neuromuscular Bouton Morphologyplement each other and dap160EMS. We identified second
site lethal hits in dap1603 and dap1606 (Figure 1C, left To determine if dap160 mutants exhibit defects in syn-
apse morphology, we stained null or severe hypomor-panel). The most severe transheterozygous combina-
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Figure 1. 30-363 Is an EMS-Induced Allele of
dap160 that Fails to Complement dap160 P
Element Excision Alleles
(A) Deficiency mapping of 30-363 to a re-
gion in 39A1-3. (Top) Regions deleted by
Df(2L)rev18, Df(2L)bur-K1, Df(2L)DS8, and
Df(2L)DS9 are represented as solid bars. The
approximate breakpoints of deficiencies are
marked by dashed lines. () and () indicate
deficiencies which complement or fail to
complement 30-363. (Middle) The 39A1-4 re-
gion contains ten genes represented by block
arrows. (Bottom) Intron-exon structure of
dap160 gene showing the transcription start
site (arrow), the start codon (open circle), the
stop codon (closed circle), and the insertion
sites of the P elements, EP(2)2468, and
EP(2)2543. The P elements are inserted 2 bp
apart, indicating that they represent indepen-
dent insertion events.
(B) Domain structure of Dap160. EH and SH3
stand for Eps15 homology and src homology
domains, respectively. The location of the
premature stop codon in 30-363 (dap160EMS)
is indicated by an arrow.
(C) Lethal phases of dap160EMS and P element
excision alleles dap1601 through dap1606
(1 to 6) in homozygous (left panel) and
transheterozygous (middle panel) conditions.
Right panel indicates the rescue of transhet-
erozygous combinations of dap160 alleles
over dap1601 with a wild-type dap160 UAS-
transgene using both the ubiquitous Tubulin-
Gal4 and the neuronal C155-Gal4 drivers. For
the lethal phase determination, mutant larvae
were cultured in the absence of competition
from larvae carrying the balancer chro-
mosome.
phic third instar larval NMJs with a variety of markers. at dap160 mutant synapses (8.8 0.3/synapse). Hence,
dap160 mutant NMJ synapses are morphologically ab-Visualization of axonal projections with MAb 22C10, an
anti-Futsch/Map1b antibody that labels microtubules normal.
As microtubular structures have been shown to affect(Hummel et al., 2000), revealed a normal innervation
pattern of the motor neurons on the muscles (data not bouton morphology (Pennetta et al., 2002; Roos et al.,
2000), we analyzed NMJs labeled with MAb22C10 (Fig-shown). Hence, Dap160 does not affect pathfinding of
motorneurons. ures 3A–3H). The microtubules labeled with Mab22C10
are continuous between control boutons (Figure 3G). InTo study bouton morphology, we labeled NMJs with
synaptic markers. In controls, synaptic boutons of mus- contrast, Mab22C10 labeling is often fragmentary be-
tween dap160 mutant boutons (Figure 3H, inset, arrow-cles M4 and M6/7 are regularly spaced. However, in
dap160 NMJs, boutons are irregularly spaced, and large heads and data not shown). Hence, Dap160 affects nor-
mal development of the NMJ by regulating branchingboutons are surrounded by smaller satellite boutons
(Figures 3A–3F). In addition, smaller boutons appear and sprouting of boutons, possibly by altering the micro-
tubular architecture.interspersed between larger ones. Consequently, while
control and dap160 mutant larvae exhibit similar syn- Since dap160 boutons show a similar overgrowth phe-
notype as nervous wreck (nwk) mutants (Coyle et al.,apse length relative to muscle area (control, 8.4  0.69
	m1; mutant, 7.0 0.44 	m1; p 0.05, n 5), bouton 2004) and both proteins bind WASP, an actin cytoskele-
ton regulator (Coyle et al., 2004; Giot et al., 2003), wenumber normalized to muscle area is significantly in-
creased in dap160 mutants compared to controls (con- assessed Nwk protein localization in dap160 mutants.
As shown in Figures 3I–3J, Nwk is abundant at controltrols, 1.7  0.07 	m2; dap1602/dap1601, 3.5  0.07
	m2; p 
 0.01, n  5). In addition, dap160 boutons boutons, but its levels are reduced in dap160 mutant
boutons (47%  8% and 30%  9% of controls in twoundergo more frequent branching compared to controls.
We find that in controls there are 5.1 0.3 branch points different dap160 transheterozygous combinations; Fig-
ures 3I, 3J, and 3M). This suggests that Dap160 servesper synapse, while we observe 26.2 2.1 branch points
per synapse in dap1602/dap1601 mutants (p 
 0.01). as an adaptor to stabilize Nwk at synaptic NMJ boutons.
To determine if synaptic Dap160 localization also de-Boutons with three or more branches are infrequent at
control synapses (0.4  0.3/synapse) but are common pends on Nwk, we labeled nwk2 null mutants with
Neuron
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tentials (EJPs) at the NMJ of third instar larvae. In 5 mM
Ca2, the amplitude of the EJPs in dap160 mutants is
not different from controls (p  0.05; Figures 4A–4C).
Since reduced Dap160 levels lead to adult paralysis
at elevated temperature, we also recorded EJPs at
34C for dap1602/dap1601 and at 36C for dap1603/
dap1601 and found no significant differences between
mutants and controls (p 0.05; Figures 4A–4C). In addi-
tion, at 0.5 mM Ca2, the evoked EJPs of dap1602/
dap1601 at 22C are similar to controls (p  0.05) and
slightly reduced at 34C (p  0.04; Figure 4D). Hence,
lack of Dap160 does not drastically alter the basal
evoked response at NMJs.
We also recorded miniature EJPs (mEJPs) in dap160
mutants in 0.5 mM Ca2 in the presence of TTX to block
action potentials. As shown in Figures 4E–4G, the mEJP
frequencies of dap160 mutants are more than 2-fold
higher than control. At 34C or 36C, the average mEJP
frequency is increased in dap160 mutants compared to
recordings made at 22C; however, we observe a similar
increase in the controls at 36C (Figures 4E–4G). In addi-
tion to an increased frequency, we also observed mEJPs
with unusual large amplitude in dap160 mutants at 22C
as well as at 34C or 36C (Figures 4E, 4F, 4H–4J, and
Supplemental Figure S4 [http://www.neuron.org/cgi/
content/full/43/2/193/DC1]). In the mutants, mEJPs with
amplitudes of 5 mV and greater occur frequently, and
we observe mEJPs greater than 15 mV, which are almost
never seen in controls (Figures 4H–4J and Supplemental
Figure S4). On the other hand, similar to the control,
the highest number of mEJP events clusters at 0.7 mV
Figure 2. Hypomorphic Adult dap160 Flies Are Uncoordinated and (Figures 4I, 4J, and Supplemental Figure S4). Hence,
Paralyzed at High Temperature
normal mEJP events exist, but large-amplitude events
Adult paralysis of EMS/1. FRT40A (A) flies do not become para- occur quite often in dap160 mutants.
lyzed during a 5 min period at 38C, whereas EMS/1 (B) flies fall
A difference in mEJP amplitude can originate fromdown and only occasionally twitch after the same treatment. (C)
altered neurotransmitter loading into vesicles, alteredTime course of paralysis of EMS/1; 6/1; jv Hn h nwk2 (nwk2) and
shi ts1 animals at 38C. nwk2 flies paralyze somewhat slower than synaptic vesicle size, or altered postsynaptic receptor
EMS/1 or 6/1 flies which follow more closely the paralysis time abundance. To determine if postsynaptic glutamate re-
course of shi ts1 (five trials with 10 to 20 flies were performed; error, ceptors cluster normally in dap160 mutant animals, we
SEM). (D) Temperature dependence of paralysis of EMS/1 flies quantified the ratio of the average Glutamate receptor IIa
after 3 min incubation at the indicated temperature. shi ts1 flies be-
(GlurIIa) volume per synaptic volume (see Experimentalcome paralyzed at 26C–27C (data not shown). Control flies do not
Procedures) in dap160 mutants and controls (Figuresbecome paralyzed at all of the temperatures tested, and EMS/1
flies become paralyzed at temperatures between 34C and 36C. 4K–4M). Since we could not detect a significant differ-
ence between GlurIIa volume in dap160 mutants and
controls, the defect in mEJP amplitude in dap160 syn-
Dap160. The labeling intensity of Dap160 is not signifi- apses likely arises presynaptically.
cantly different between control and nwk2 synapses Several mutants that affect clathrin-mediated endocy-
(83%  20%; Figure 3M). However, Dap160 localization tosis also affect mEJP characteristics, such as lap/
is not identical to controls. In control animals, each bou- AP180 and stoned (Stimson et al., 1998; Zhang et al.,
ton shows similar levels of Dap160. In nwk2 mutants, 1998). Both stoned and lap/AP180 mutants show in-
the majority of boutons appear to have normal levels of creased mEJP amplitudes due to increased vesicle size.
Dap160 protein, although some have more (Figure 3L, To determine if Dap160 is required for the localization
asterisk) and others less Dap160 (Figure 3L, arrowhead). of Lap/AP180, we labeled dap160 NMJs. As shown in
Hence, although our data suggest that Dap160 is re- Supplemental Figure S5 (http://www.neuron.org/cgi/
quired for normal synaptic localization of Nwk, proper content/full/43/2/193/DC1), they exhibit a 36% decrease
distribution of Dap160 is at least in part dependent on in the level of Lap/AP180 relative to controls (p 
 0.01).
Nwk. Hence, the reduced Lap/AP180 levels may only have a
marginal contribution toward the abnormally large
mEJPs in dap160 mutants.Evoked Release Is Normal in dap160 Mutants
but the Amplitude of Spontaneous Release
Is Increased Loss of Dap160 Affects Endocytosis
To determine if Dap160 plays a role in synaptic vesicleTo determine the characteristics of evoked release in
dap160 mutants, we recorded excitatory junctional po- endocytosis, we incubated third instar fillets with FM1-
Intersectin in Endocytosis and Synapse Formation
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Figure 3. NMJ Morphology Is Altered in
dap160 Mutants, and Nervous Wreck, an
Adaptor Protein Implicated in Synaptic
Growth, Is Destabilized
(A–F) NMJ morphology is altered in dap160
mutants. Third instar NMJ synapses of mus-
cle 4 (A, C, and E) and muscle 6/7 (B, D, and
F) labeled with Dlg (green) to reveal bouton
outlines and 22C10 (magenta) to reveal mi-
crotubules. Revertant (control) larvae show
normal NMJ morphology (A and B), whereas
w; dap1602/dap1601 (2/1; [C and D]); w;
dap1603/dap1601 (3/1; [E and F]); or yw
eyFLP/w; dap160EMS P{y} FRT40A/dap1601
(EMS/1; data not shown) show altered mor-
phology. Extra branches and boutons are ap-
parent in the mutants. Although fully pene-
trant, phenotypes at M4 (A, C, and E) are more
obvious than at M6/7 (B, D, and F).
(G and H) Microtubules are disrupted in
dap160 mutants. Controls show continuous
Mab22C10 labeling (white) in-between bou-
tons (blue), ([G], inset), whereas MAb22C10
labeling in 2/1 ([H], inset), 3/1, or EMS/
1 (data not shown) is often interrupted in
interbouton regions (arrow heads).
(I and J) Nervous wreck is destabilized at
dap160 mutant NMJs. Dlg (green) and Nwk
(magenta) double labeling of control and
2/1 NMJs. Note the dramatic reduction in
Nwk labeling intensity at 2/1 NMJs.
(K and L) Single confocal sections showing
anti-Dlg (green) and anti-Dap160 (magenta)
double labeling of control and nwk2 NMJs. Dap160 is not destabilized but is somewhat relocalized in nwk2 mutants. Dap160 is abundant in
some boutons (asterisks) and reduced in others (arrow heads).
(M) Quantification of Nwk and Dap160 levels in dap160 or nwk mutants. The level of Nwk in 2/1 or 3/1 is reduced compared to controls
(**p 
 0.01). The level of Dap160 in nwk2 is not significantly altered (ns). n  3 animals; error, SEM.
43, a dye that is internalized into vesicles during clathrin- To further analyze defects in vesicle recycling, we
recorded EJPs during 10 Hz stimulation at low and highmediated endocytosis (Betz et al., 1992). Preparations
were stimulated in the presence of 60 mM K to undergo temperature. dap1602/dap1601 null animals show a
stimulation-dependent decrease in EJP amplitude whenexo- and endocytosis. During short labeling protocols
(30 s), dap1601 null animals take up as much dye as stimulated at 10 Hz. After 10 min of 10 Hz stimulation,
the EJP amplitude declines to about 50% of the originalcontrols do (Supplemental Figure S6 [http://www.neuron.
org/cgi/content/full/43/2/193/DC1]). This suggests level, whereas the EJP amplitude in controls declines
only marginally during this stimulation protocol (Figurethat, at 22C, the initial phase of clathrin-mediated endo-
cytosis is not affected. To reveal a possible defect in 5F, green and blue). Interestingly, at 34C and 10 Hz
stimulation, the EJPs measured in dap1602/dap1601endocytosis, we also performed longer labeling periods.
During a 5 and a 10 min labeling period, dap1601 ani- animals show a severe decline in amplitude and reach
about 25%–30% of the original response after 10 min ofmals internalize less dye than controls (Figure S6); after
a 10 min labeling period, dye uptake in dap1601 is stimulation (Figure 5F, yellow and red). We also recorded
EJPs during 10 Hz stimulation from dap1603/dap160167% 6% of controls, in dap1603/dap1601 it is 82%
5%, and in dap1602/dap1601 it is 68% 3% of controls hypomorphs. Similarly, the declining amplitude of the
EJPs was more pronounced at 36C (Figure 5G, yellow(Figures 5A, 5B, and 5E). These data indicate that, under
these assay conditions, loss of Dap160 leads to a mild and red) compared to recordings made at 22C (Figure
5G, green and blue). Hence, these data indicate a roledefect in endocytosis.
Keeping in mind the temperature sensitivity of dap160 for Dap160 in vesicle recycling, and we conclude that
the absence of Dap160 uncovers a temperature-sensi-partial loss-of-function flies, we repeated the 10 min
labeling protocol at 36C. Interestingly, we found severe tive step in endocytosis
The time course of the decline in EJP amplitude ob-defects in vesicle recycling in all allelic combinations
tested (Figures 5C and 5D). At 36C, uptake in dap1603/ served in dap1602/dap1601 animals is somewhat differ-
ent than that observed in endo1 or synj1 animals (Ver-dap1601 was 44%  4% of controls, and in dap1602/
dap1601 animals uptake was only 30% 3% of controls streken et al., 2002, 2003). EJPs recorded from endo1
or synj1 mutants decline rapidly to stabilize at a steady(Figure 5E), a level comparable to that observed in synj2
animals (Verstreken et al., 2003). Hence, the defect in level, whereas the EJPs recorded from dap160 nulls
steadily decline and follow more closely the time courseactivity-dependent membrane uptake in dap160 mu-
tants is severely exacerbated at high temperature. of shi ts1 at the restrictive temperature (Figures 5F and
Neuron
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Figure 4. Evoked Release but Not Spontane-
ous Release Is Normal in dap160
(A–D) Sample EJPs and quantification of their
amplitude for revertant (control); w; dap1602/
dap1601 (2/1), and w; dap1603/dap1601
(3/1) larvae at low (A, C, and D) and high
(B, C, and D) temperature in 5 mM Ca2 (A–C)
or 0.5 mM Ca2 (D). Controls and dap160 mu-
tants do not show a significant difference in
EJP amplitude either at low or high tempera-
ture (ns) in 5 mM Ca2, whereas in 0.5 mM
Ca2 the EJP amplitude is slightly reduced in
2/1 animals at high temperature.
(E and F) Sample mEJP traces of control, 2/
1, or 3/1 animals at low (E) or high (F)
temperature. Both mEJP frequency as well
as mEJP amplitude are altered.
(G) Quantification of mEJP frequency at low
and high temperature in control and dap160
mutants. mEJP frequency is significantly in-
creased in 2/1 and 3/1 animals com-
pared to controls (**p 
 0.01).
(H–J) Cumulative probability plot of mEJP
events of control and 3/1 recorded at low
temperature (H) (high temperature results are
presented in the Supplemental Data [http://
www.neuron.org/cgi/content/full/43/2/193/
DC1]) and frequency distribution diagrams of
mEJPs recorded from controls (I) or 3/1 (J)
animals clearly show additional large-ampli-
tude events in the mutant. Data for 2/1
(data not shown) is very similar to that of 3/
1. Note that the highest peak in the fre-
quency distribution diagrams in control and
dap160 mutants is at 0.7 mV, the standard
unitary mEJP amplitude; 35.6% and 15.9%
of mEJPs in control and 3/1, respectively,
are below 0.8 mV.
(K–M) Confocal stacks showing anti-GluRIIa (magenta) and anti-synaptagmin I (green) double labeling of control and dap160 mutants.
Representative images of control (K) and 2/1 mutant NMJs (L) are shown, and the ratio of GluRIIa volume/synaptic volume is reported for
the other genotypes (M). No significant difference is observed between mutant and control larvae (ns).
5G, black circles) (Delgado et al., 2000). These results mutants, several of these synaptic markers are destabi-
lized and mislocalized. Compared to controls, only 30%suggest that the vesicle pool size of dap160 synapses
at low temperature and prior to stimulation resembles or less of dynamin, Synj, and Endo remain at dap1602/
dap1601 mutant synapses (Figures 6Aa–6Ce). We alsomore closely that of controls, whereas vesicle pools in
endo1 and synj1 are largely depleted, as recycling in labeled NMJs of other dap160 transheterozygotes and
observed very similar defects: dap160EMS/dap1601 arethese mutants is more severely and chronically im-
paired. usually somewhat less affected than dap1602/dap1601
and dap1603/dap1601 (Figures 6Ae–6Ce). Hence, Dap160
stabilizes key endocytic proteins at the synapse.Dap160 Is Required for Proper Localization
of Endocytic Proteins Synapsin, a reserve pool vesicle marker that also inter-
acts with Dap160/intersectin (Roos and Kelly, 1998), isTo determine if Dap160 can serve as an endocytic scaf-
fold, we determined the localization of various synaptic also mislocalized at dap160 mutant synapses. Although
synapsin levels in dap160EMS/dap1601 are not signifi-markers. Dynamin, Synj, Endo, synapsin, and synapto-
tagmin I are all enriched at synaptic boutons of control cantly affected, only about 40% of synapsin protein lev-
els measured in controls remains at dap1602/dap1601larvae (Figure 6). Dynamin is present at periactive zones
(Estes et al., 1996) but is also present outside of these or dap1603/dap1601 boutons (Figure 6De). The re-
maining synapsin appears to coalesce into puncta rarelyzones (Figure 6Aa). Synj and Endo are widely distributed
in boutons (Figures 6Ba and 6Ca) and partly associate observed in controls. Hence, it appears that the vesicle
reserve pool is reduced in severe dap160 mutants.with vesicles (Fabian-Fine et al., 2003; Verstreken et al.,
2003). The distribution of synapsin is skewed toward Although several markers are destabilized, not all syn-
aptic markers are reduced in dap160 mutants. Synapto-the lumen of boutons where it presumably associates
with reserve pool vesicles (Pieribone et al., 1995), tagmin I as well as CSP levels appear unaltered in all
of the dap160 mutants tested (Figure 6Ee and data notwhereas synaptotagmin I is present throughout the bou-
tons and is also associated with the presynaptic mem- shown). Although the levels of synaptotagmin I and CSP
are unaltered, these markers appear somewhat enrichedbrane (Figures 6Da and 6Ea). Interestingly, in dap160
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Figure 5. dap160 Mutants Show a Mild Endocytic Defect at 22C, which Is Exacerbated at High Temperatures
(A–E) FM1-43 dye uptake by revertant (control), w; dap1602/dap1601 (2/1), and w; dap1603/dap1601 (3/1) larvae. After 10 min of labeling
in high-K solution at 22C, FM1-43 brightly labels boutons of the NMJ in controls (A and E), whereas labeling in 2/1 (B and E) or 3/1
(E) is weaker. When labeling is performed at 36C, boutons of 2/1 (D and E) or 3/1 (E) take up significantly less dye than at low temperature.
In contrast, boutons of controls are brightly labeled (C and E). shi ts1 animals hardly take up any dye at 36C (E). *p
 0.05; **p
 0.01; errors, SEM.
(F) 10 Hz 10 min stimulation of control (green) and 2/1 (blue) NMJs at 22C and of control (yellow), 2/1 (red), and shi ts1 (black) at 34C.
Note the difference in EJP rundown between the recordings for 2/1 at low and high temperature.
(G) 10 Hz 10 min stimulation of control (green) and 3/1 (blue) NMJs at 22C and of control (yellow) and 3/1 (red) at 36C and shi ts1 (black)
at 34C.
in the synaptic membrane. In summary, the mislocaliza- for the maintenance of active zone-associated vesicles,
in addition to the maintenance of overall vesicle number.tion of proteins involved in vesicle recycling is consistent
Besides reduced vesicle number, vesicle morphologywith the endocytic defects in dap160 mutants.
is also affected in dap160 mutants. Compared to con-
trols, mutant synapses show an increased number of
dap160 Mutant Synapses Display Heterogeneously vesicles with large diameter. Whereas SVs are typically
Sized Vesicles, Diminished Vesicle Numbers, 40 nm in diameter, dap160 mutants contain numerous
and Numerous Endocytic Intermediates vesicles that exceed this diameter (Figures 7Q–7T). In
To determine the ultrastructural phenotype of dap160 agreement with our mEJP data, these observations
mutant NMJs, we performed transmission electron mi- suggest that Dap160 is involved in the regulation of
croscopy (TEM). As shown in Figures 7A, 7B, and 7M, vesicle size.
in dap160 mutants the number of vesicles is reduced dap160 mutants also display endocytic intermediates
to 60% of controls. Upon stimulation in 60 mM K at consisting mostly of collared pits and some  struc-
34C, the number of vesicles is further diminished to tures, rarely seen in controls (Figures 7J–7L). These col-
23% of controls (Figures 7C–7E and 7M). These data lared pits are membrane invaginations which are con-
are consistent with a temperature-sensitive defect in en- stricted by electron-dense “collars” at their attachment
docytosis. point to the plasma membrane. Although these pits ap-
To determine vesicle number at active zones (AZs), pear similar to those observed in shibire mutants (Ko-
we quantified the number of vesicles within 120 nm of saka and Ikeda, 1983), the collars we observed in
the presynaptic densities. Although the number of active dap160 mutants were less dense than the ones in shib-
zones in dap160 mutants was not altered compared to ire. We find such collared pits in almost every section
controls, we observed a reduction in vesicle number at in dap160 mutants, but not in controls (Figures 7J–7L
22C without simulation (Figures 7A–7E, 7O, and 7P) and and 7N). Importantly, these collared pits in dap160 mu-
a further decrease when synapses were stimulated with tants occured both at AZs (70%) as well as in periactive
zones (30%). This indicates that both AZ-associated60 mM K at 34C (Figure 7P). Hence, Dap160 is required
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scribed in an accompanying paper by Marie et al. (2004)
(in this issue of Neuron). We show that basal release
is not affected in our dap160 mutants, except when
recordings are made at 34C in 0.5 mM Ca2, where we
find a slight reduction in EJP amplitude (Figure 4). In
addition, our data also indicate that (1) the absence of
Dap160 uncovers a temperature-sensitive defect in SV
endocytosis, (2) Dap160 is required for regulating SV
size, and (3) Dap160 plays a role in SV endocytosis at
both AZ and periactive zones. Taken together, the data
in Marie et al. (2004) and our data demonstrate a role
for Dap160 in synaptic development and synaptic vesi-
cle recycling.
Dap160 Regulates Branching and Bouton
Number at the NMJ
Our data suggests that the bouton morphological defect
in dap160 mutants maybe due in part to dysregulation
of Nwk. Nwk is a novel adaptor protein that controls
NMJ development by regulating cytoskeletal dynamics
(Coyle et al., 2004) and is severely reduced in dap160
mutant synapses. Interestingly, nwk NMJs show super-
numerary branches and extra satellite boutons, a pheno-
type that is similar to but less severe than dap160 mutant
NMJs. Second, nwk null adult flies as well as dap160
mutants display temperature-sensitive phenotypes. Third,
both Nwk and Dap160 interact with WASP (Coyle et al.,
2004; Giot et al., 2003), which nucleates actin polymer-
ization. In addition, Futsch, a microtubule-associated
protein 1B-like protein, shows an aberrant staining pat-
tern in axonal connections between boutons in dap160
mutants. These data suggest that dap160 regulates mi-
crotubule and actin dynamics, both of which have been
implicated in branching and bouton formation at the fly
NMJ (Coyle et al., 2004; Pennetta et al., 2002; Roos et
al., 2000; Sone et al., 1997).
Figure 6. Endocytic Markers Are Destabilized in dap160 Mutants
(A–E) Single confocal sections showing labeling of revertant (control) Dap160 Is Involved in a Temperature-Sensitive
(Aa, Ab, Ae, Ba, Bb, Be, Ca, Cb, Ce, Da, Db, De, Ea, Eb, and Ee), Step in Endocytosis
w; dap1602/dap1601 (2/1) (Ac–Ae, Bc–Be, Cc–Ce, Dc–De, and Our analyses of dap160 mutants have revealed a tem-
Ec–Ee), w; dap1603/dap1601 (3/1) (Ae, Be, Ce, De, and Ee), and
perature sensitive step in endocytosis. Despite the pro-yw eyFLP/w; dap160EMS P{y} FRT40A/dap1601 (EMS/1) (Ae, Be,
posed role of Dap160/intersectin in linking multiple en-Ce, De, and Ee) larvae with anti-dynamin (A), anti-Synj (B), anti-Endo
docytic proteins (McPherson, 2002; Yamabhai et al.,(C), anti-synapsin (D), anti-synaptotagmin I (E) (green), and anti-
Dlg (magenta) antibodies. Single-channel labeling (in grayscale) is 1998), in the absence of Dap160 protein at mutant NMJs
shown for control (Ab, Bb, Cb, Db, and Eb) and for 2/1 (Ac, Bc, there is only a relatively mild defect in synaptic vesicle
Cc, Dc, and Ec). Labeling intensities for the markers indicated on endocytosis at physiological temperature (22C). How-
the right are shown in (Ae), (Be), (Ce), (De), and (Ee) (see Experimental
ever, at elevated temperatures, dap160 mutants showProcedures). Note the reduction of various endocytic markers and
strong defects in vesicle recycling (Figure 5). SinceSyn at dap160 NMJs. The levels of synaptotagmin I are not signifi-
Dap160 is the only intersectin homolog in Drosophila,cantly altered. n  3 for all genotypes and markers shown; *p 

0.05; **p 
 0.01; errors, SEM. the mild defect in vesicle recycling at low temperature
is not likely a result of gene redundancy. While many ts
mutations, such as shibire, are caused by single amino
and periactive zone SV retrieval are impaired in dap160 acid substitutions leading to malfunction of the mutant
mutants (Figures 7J and 7K). proteins at high temperatures (Grant et al., 1998), protein
null mutations provide opportunities to investigate ts
processes. In C. elegans, loss of Eps15 confers a tsDiscussion
depletion of SVs and ts locomotion defects (Salcini et
al., 2001). In addition, the Eps15 null phenotype canIn this work, we show that Dap160 is required for (1)
regulating NMJ synapse morphology, possibly in con- be mimicked by the overexpression of the coiled-coil
domain of Eps15, which binds Dap160/intersectinjunction with Nervous wreck (Coyle et al., 2004); (2) stabi-
lizing endocytic proteins at the synapse; (3) recycling (Sengar et al., 1999). Since Eps15 and Dap160 are func-
tionally linked to the regulation of the actin cytoskeletonsynaptic vesicles; and (4) regulating mEJP amplitudes.
These data are in agreement with the observations de- (Hussain et al., 2001; Tang and Cai, 1996), these data
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Figure 7. Vesicle Size and Number Is Altered
in dap160 Mutants
Ultrastructure of control (A, C, F, and G) and
dap1602/dap1601 (2/1) (B, D, E, H, and I–L)
NMJ boutons at rest at 22C (A, B, F, and H)
or stimulated with high K at 34C (C–E, G,
and I). Small open arrows in (A)–(E) delimit
the AZs, which are defined as electron-dense
plasma membrane areas often seen with
dense T-shaped bodies (T bars). (F–I) Vesicles
cluster around the T bars of control and mu-
tant boutons. (J–L) Pictures enlarged from (E)
showing collared pits at AZ ([J], open arrow-
heads) and periactive zone (K) and  struc-
tures at periactive zone ([L], arrows). Quantifi-
cation of density of vesicles (M), collared pits
(N), AZs (O), AZ-associated vesicles (P), and
cumulative distribution of vesicles diameter
(Q–T) indicate that the mutant is defective in
SV retrieval and regulation of vesicle size but
show normal AZ density. (M–T) Data on NMJs
at 22C with no stimulation are derived from
three control larvae (17 boutons) and three
mutant larvae (23 boutons). Data on NMJs
stimulated at 34C are derived from two con-
trol larvae (19 boutons) and two mutant larvae
(26 boutons). t test statistics comparing mu-
tant and control data are indicated as follows:
*p 
 0.05 and **p 
 0.01 (errors, SEM). In
addition, high-K stimulation at 34C signifi-
cantly reduced the vesicle densities in mutant
boutons ([M]; p
 0.05) and AZs ([P]; p
 0.01)
compared to unstimulated mutant samples
at 22C. Scale bars in (A)–(E), (F)–(I), and (J)–(L)
represent 500 nm, 200 nm, and 100 nm, re-
spectively.
suggest that the interface between endocytosis and the 2000; Verstreken et al., 2003). Third, Dap160 binds
WASP, which is implicated in actin dynamics and vesicleactin cytoskeleton is temperature sensitive.
As endocytic structures, such as the clathrin-coated internalization (Giot et al., 2003; Kaksonen et al., 2003;
McPherson, 2002). As the EH and SH3 domains ofpits, are highly ordered (Kirchhausen, 1999), the dy-
namic nature of endocytic complexes suggests that Dap160 are involved in multiple interactions, it is possi-
ble that Dap160 functions as a stabilizing scaffold andthere may be scaffold proteins that guide molecules to
their target partners. We envisage that, without such interacts transiently with endocytic proteins at different
steps of endocytosis, in agreement with models basedstabilizing scaffolds, individual endocytic proteins in-
teract less efficiently at high temperature. The desta- on biochemical data (McPherson, 2002).
bilization of dynamin, Synj, Endo, and AP180 in dap160
mutants is consistent with previously documented inter- dap160 Mutations Interfere with the Regulation
of Proper Synaptic Vesicle Number and Sizeactions between Dap160 and proteins involved in dis-
tinct steps of endocytosis (Brodin et al., 2000). First, The reduced number and variable vesicle size that we
observed in dap160 mutant NMJs is likely a conse-dynamin, which binds Dap160, is essential for detach-
ment of invaginated vesicles from the plasma mem- quence of a defect in clathrin-mediated endocytosis, as
similar phenotypes have been reported in other mutantsbrane. The reduction of dynamin in dap160 mutant syn-
apses may account for the mislocalization of Endo in that impair endocytosis: lap/AP180, stoned, and shibire
(Estes et al., 1996; Fergestad et al., 1999; Koenig anddap160 mutants, as dynamin has been shown to interact
with Endo (Micheva et al., 1997; Ringstad et al., 1997). Ikeda, 1989; Nonet et al., 1999; Zhang et al., 1998). Con-
sistent with a strong positive correlation between SVSecond, Dap160 interacts with Synj, a phosphoinositide
phosphatase that alters membrane compositions of in- size and quantal size at Drosophila NMJ and mammalian
central synapses (Bekkers et al., 1990; Karunanithi etternalized vesicles (Cremona et al., 1999; Harris et al.,
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Figure 8. Dap160 Functions at the Intersec-
tion of Synaptic Development and Vesicle En-
docytosis
We envision that Dap160 lies at the branch
point of pathways controlling synaptic bou-
ton morphology and SV retrieval. (Left)
Dap160 controls bouton morphology by reg-
ulating actin and microtubule cytoskeleton in
conjunction with Nervous wreck and WASP.
(Middle and right) Dap160 is involved in two
forms of SV retrieval at periactive zones and
at AZs and functions as a scaffold for sequen-
tial recruitment of endocytic proteins, such
as dynamin, Endo, and Synj. White arrows,
asterisks, and arrowheads indicate satellite
boutons, aberrant large vesicles, and collared
pits, respectively.
al., 2002), dap160 mutants, like stoned and lap/AP180 Our data suggest that Dap160 is involved in these two
distinct forms of SV retrieval. At periactive zones, themutants, show a strong positive correlation between the
reduction of dynamin, Synj, and Endo, coupled withincrease in number of large vesicles and the large mEJPs
the appearance of endocytic intermediates, such as (Fergestad et al., 1999; Stimson et al., 2001; Zhang et
structures and collared pits, indicate that clathrin-medi-al., 1998). While no direct functional link has been estab-
ated endocytosis is impaired. Although the collars ob-lished between Dap160 and the Stoned proteins, it is
served in dap160 mutants are in general less extensiveinteresting to note that the mammalian Stoned B homo-
than those in shibire, possibly due to a partial depletionlog interacts with intersectin in vitro (Martina et al., 2001).
of dynamin, dap160 mutant synapses, like shibire, showAlthough we observed a 36% decrease in AP180 levels
stalled collared pits at AZs. These are not observed atin dap160 NMJs (Supplemental Figure S5 [http://www.
AZs of other endocytic mutants in Drosophila, includingneuron.org/cgi/content/full/43/2/193/DC1]), this is un-
endo, synj,-adaptin, stoned, and lap/AP180 (Fergestadlikely to account for the aberrant increase in vesicle size
et al., 1999; Gonzalez-Gaitan and Jackle, 1997; Kosakain the mutants. It is likely that the absence of Dap160 and
and Ikeda, 1983; Verstreken et al., 2002, 2003; Zhangthe reduced concentration of several endocytic proteins
et al., 1998). Therefore, we propose that Dap160, likedisrupt the precise coordination between membrane in-
dynamin, is involved in two distinct pathways of SVvagination and vesicle detachment from the plasma
retrieval, clathrin-mediated endocytosis at periactivemembrane, leading to the formation of abnormally large
zones and kiss-and-run or rapid endocytosis at AZs,invaginations before vesicles are pinched off.
whereas Endo and Synj are only involved in clathrin-
mediated endocytosis (Figure 8).
Dap160 Is Involved in Two Distinct Forms
of SV Retrieval Experimental Procedures
Two lines of investigation have shown that AZ-associ-
Fly Geneticsated and periactive zone-associated forms of SV re-
P Element Excisionstrieval can be independently perturbed and are therefore
P element lines w; EP(2)2468 and w; EP(2)2543 (Szeged Stock Cen-
thought to be mechanistically distinct. First, in shibire ter) were crossed to y w; CyO, 2-3/Bc EgfrE1 (Bloomington Stock
mutants recovering from endocytic arrest, Koenig and Center, BSC) to induce excisions, and 200 and 150 lines were gener-
ated for w; EP(2)2468 and w; EP(2)2543 (Rorth, 1996), respectively.Ikeda (1996) have shown that AZ-associated vesicle re-
Lines that did not complement Df(2L)bur-K1 (Butler et al., 2001) weretrieval is blocked in a high Mg2/low Ca2 solution, while
balanced over CyO,KrGFP (Casso et al., 2000). Dap160 expressionendocytosis in the periactive zones continues. Second,
levels were determined with Dap160 antiserum (Roos and Kelly,
previous work suggests that mutations in endo and synj 1998). From w; EP(2)2468, we isolated dap1601, dap1604, and
cause a block or severe reduction of clathrin-mediated dap1605, and from w; EP(2)2543 we obtained dap1602, dap1603,
and dap1606. We subsequently discovered that dap1603 containsendocytosis at periactive zones but permit recycling at
a lethal hit in l(2)05287 (BSC and McGill Drosophila Genome Project)AZs (Verstreken et al., 2002, 2003). The vesicles at AZs
and dap1606 fails to complement CG9253EY2880 and CG9253KG5120of endo and synj are thought to recycle by kiss-and-run
(Bellen et al., 2004). Lethal phases were determined by raising mu-
or another rapid form of endocytosis, as they are less tant larvae in noncrowded conditions on grape juice plates with
accessible to the lipophilic dye FM1-43 (Kjaerulff et al., yeast paste. As dap1601/Df(2L)bur-K1 and dap1601/dap1602 die
later than dap1601, dap1601 probably carries a secondary lesion2002). Previous work comparing the uptake and un-
that is not found in dap1602 and Df(2L)bur-K1 (Figure 1C). Unlessloading of FM1-43 and a less lipophilic version, FM2-10,
otherwise stated, control is a sequenced precise excision fromsimilarly concluded that kiss-and-run as well as clathrin-
EP(2)2468.
mediated endocytosis coexist in hippocampal neurons Transgene Rescue
(Klingauf et al., 1998; Pyle et al., 2000; Stevens and A genomic fragment of dap160 spanning from the TATA box to the
last exon was expressed from a UAS construct using the Gal4-Williams, 2000).
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UAS system (Brand and Perrimon, 1993). The Gal4 drivers were tate. Spurr’s resin-embedded samples were sectioned and stained
with 2% uranyl acetate and lead citrate on grids before visualization.the ubiquitous Tubulin-GAL4 (Lee and Luo, 1999) and the neuronal
C155-GAL4 (Lin and Goodman, 1994). For stimulation of NMJs at 34C, larval fillets were heated in HL-3
without Ca2 from 26C to 34C over 5 min in the temperature
controller (see above). Then the solution was substituted with pre-Immunohistochemistry
warmed HL3 with 60 mM K and 1.5 mM Ca2 to stimulate theLabeling of third instar NMJs, third instar brains, and adult brains
prep for 5 min at 34C. Before fixation, larval fillets were washed inwas performed as described in Verstreken et al. (2003). Animals
prewarmed Ca2-free HL3 with 0.5 mM EGTA for 1 min to relaxwere dissected in PBS or calcium-free saline and fixed in 4% formal-
the muscles. Adult eyes were prepared for TEM as described beforedehyde for 20 min (except for Lap/AP180 and GluRIIa, for which we
(Verstreken et al., 2003).used Bouin’s fix). Tissue was washed in PBS and permeabilized
with 0.4% Triton X-100; for anti-Endo and anti-Synj, permeabilization
Acknowledgmentswas performed using 0.1% Tween 20. Antibodies were used at the
following dilutions: Dap160, 1:200 (Roos and Kelly, 1998); mouse
We thank Robin Hiesinger, Sunil Mehta, Karen Schulze, and Yi ZhouDlg (4F8), 1:50 (Parnas et al., 2001); rabbit Dlg, 1:200 (Cho et al.,
for participating in the EMS screen and comments. We also thank2000); CSP, 1:50 (Zinsmaier et al., 1994); Futsch (22C10), 1:50 (Roos
Barry Ganetzky, Ian Coyle, Regis Kelly, Kyung-Ok Cho, Lois Clift-et al., 2000); Nwk, 1:500 (Coyle et al., 2004); GlurIIA, 1:50 (Petersen
O’Grady, Mani Ramaswami, Leonard Kelly, the Szeged andet al., 1997); mouse dynamin, 1:50 (BD Biosciences); Synj, 1:200
Bloomington Stock Centers, the McGill Drosophila Genome Project,(Verstreken et al., 2003); Endo, 1:200 (Verstreken et al., 2002); synap-
and the University of Iowa Hybridoma Bank for reagents. We thanksin, 1:20 (Klagges et al., 1996); synaptotagmin I, 1:500 (Littleton et al.,
Yi Zhou for teaching us TEM; and Hongling Pan and Phuong Tang1993); Lap/AP180, 1:200 (Zhang et al., 1998). Secondary antibodies
for technical assistance. P.V. is a B.A.E.F. fellow, and H.J.B is anconjugated to Alexa488 (Jackson ImmunoResearch) or Cy3 (Molec-
H.H.M.I. investigator.ular Probes) were used at 1:250. Images were captured with a Zeiss
510 confocal microscope and processed using Amira 2.2 and Adobe
Received: March 31, 2004Photoshop 6.0.
Revised: May 21, 2004For quantification of protein levels, labeling of control and mutant
Accepted: June 16, 2004was performed in the same tube, and images were captured and
Published: July 21, 2004processed using similar settings. Labeling intensity of each of the
quantified markers was determined by calculating the average pixel
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